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CAVERN/VAULT DISPOSAL CONCEPTS AND THERMAL 
CALCULATIONS FOR DIRECT DISPOSAL OF 37-PWR SIZE DUAL-

PURPOSE CANISTERS

Introduction

This report provides two sets of calculations not presented in previous reports on the technical 
feasibility of spent nuclear fuel (SNF) disposal directly in dual-purpose canisters (DPCs): 
1) thermal calculations for reference disposal concepts using larger 37-PWR size DPC-based 
waste packages, and 2) analysis and thermal calculations for underground vault-type storage and 
eventual disposal of DPCs. The reader is referred to the earlier reports (Hardin et al. 2011, 2012, 
2013; Hardin and Voegele 2013) for contextual information on DPC direct disposal alternatives.

1. Thermal Analyses of 37-PWR Size DPC Direct Disposal Concepts

This analysis is an extension of previous work (Hardin et. al., 2011, 2012, 2013; Hardin and 
Voegele 2013). The focus of this work is the higher heat output of larger DPCs, represented by 
those containing 37 PWR assemblies (or BWR equivalent). A parametric study to assess the 
sensitivity of peak near-field temperature is also presented. Thermal analysis is conducted using 
the Mathcad-based semi-analytical method (Greenberg et al. 2012), with the exception of salt 
disposal for which the finite element method was used.   

1.1 Sedimentary Backfilled, Open, In-Drift Emplacement with 37-PWR Size DPCs

The thermal analysis described in Hardin et al. (2013, Section 4.5) was extended to 37-PWR 
waste packages. The waste package size is assumed to be the same as for 32-PWR (the diameter 
of larger size DPCs is only a few percent greater, and length is the same). The results are shown 
in Figure 1-1 for two storage and ventilation time periods. As a result of the higher heat output, 
temperatures at both the drift wall and backfill (near waste package surface) are higher. Backfill 
temperatures remain higher than 100°C for hundreds of years, for all burnup levels. This applies 
to the cases for 150 years out-of-reactor (top) and 300 years out-of-reactor (bottom). Peak 
backfill temperatures are also higher. For the 40 and 60 GW-d/MT burnup levels, peak backfill 
temperatures are greater than 200°C for hundreds of years after closure (bottom). The use of 
backfill material with higher thermal conductivity would significantly reduce the peak backfill 
temperatures. For example, for the case of closure 150 years out-of-reactor, the peak backfill 
temperature for 20 GW-d/MT burnup is only slightly more than 100°C.  For the case with 300 
years out-of-reactor, the peak backfill temperature for 60 GW-d/MT burnup is much lower than 
200°C. Thus, use of backfill materials with higher thermal conductivity and with tolerance for 
temperature greater than 100°C would advance disposal of DPCs in sedimentary host rock.   
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Source files: Open UOXxx-37 (70 m) Clay Backfilled WP20m.xmcd, where xx is burnup of 20, 40 or 60 GW-d/MT. 

Notes: WP = waste package, and Hi BK Kth refers to hypothetical high backfill thermal conductivity of 1.43 W/m-K, which 
corresponds to fully hydrated bentonite (Hardin et al. 2012, Table D-2). 

Figure 1-1. Temperature histories (drift wall and waste package surface) for various SNF 
burnup levels in 37-PWR sized packages, in a sedimentary backfilled repository
with spacings shown, for: (top) 50-year decay storage and 100-year ventilation, 
and (bottom) 100-year decay storage and 200-year ventilation.
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1.2 Hard-Rock Open, In-Drift Emplacement with 37-PWR Size DPCs

Hard rock open in-drift emplacement concept for disposal of SNF DPCs is described in Hardin et 
al. (2013, Section 4.6). The advantages of this concept are that the formation has the potential to 
provide opening stability, and the host rock tolerates higher temperatures. In this concept, 
thermal conditions can be optimized by varying drift and waste package spacings. In addition, 
use of ventilation would further reduce heat in the repository. Sections 1.2.1 and 1.2.2 describe 
thermal analysis for the unbackfilled and backfilled “open” concepts, respectively.

1.2.1 Hard-Rock Unbackfilled, Open, Unsaturated, In-Drift Concept

The thermal analysis described in Hardin et al. (2013, Section 4.6.1) was extended to 37-PWR 
size waste packages. The results (Figure 1-2) show that with higher heat output, both the drift 
wall and waste package temperatures are generally higher than for 32-PWR packages. However, 
peak waste package temperatures are similar even for higher burnup levels. As stated in Hardin 
et al. (2013, Section 4.6.1), hard rock host rock could be suitable for disposal with temperatures 
up to 200°C. A drift wall temperature target of 200°C would be easily met by ventilating for 100 
years in addition to 50 years of surface decay storage (top). This suggests that the storage and 
ventilation periods could be further reduced and meet the target temperature for all burnup 
levels. The thermal calculation is based on host rock thermal conductivity of 2.5 W/m-K.
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Source files: Open UOXxx-37 (70 m) Hard Rock WP20m.xmcd, where xx is burnup of 20, 40 or 60. 

Figure 1-2. Temperature histories (drift wall and waste package surface) for various SNF 
burnup levels in 37-PWR sized packages, in a hard rock open (unbackfilled) 
repository with spacings shown, for: (top) 50-year decay storage and 100-year 
ventilation, and (bottom) 100-year decay storage and 200-year ventilation.
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1.2.2 Hard-Rock Backfilled, Open, In-Drift Concept

This concept would be similar to in-drift “enclosed” emplacement in crystalline rock (Hardin et 
al. 2013, Section 4.1.3). Hardin et al. (2013, Section 4.6.2) reported that the disposal concept can 
be applied to both saturated and unsaturated formations. For emplacement in saturated 
formations the concept is assumed to include a corrosion-resistant overpack in addition to a low 
permeability backfill. For emplacement in unsaturated formations clay-based backfill/buffer 
materials could perform well (Hardin and Sassani 2011). Some advantages of backfill, even for 
unsaturated settings, are protection from events such as roof collapse and seismic shaking. It 
could also provide reducing conditions at the waste package surface, limiting oxidative corrosion 
effects (Hardin et al. 2013, Section 4.6.2).

The thermal analysis described in Hardin et al. (2013, Section 4.6.2) was extended to 37-PWR 
waste packages. The results (Figure 1-3) show that as a result of the higher heat output, both the 
drift wall and backfill temperatures are generally higher than for 32-PWR waste packages. As 
with the sedimentary backfill concept (Figure 1-1) backfill temperatures remain greater than 
100°C for hundreds of years, for all burnup levels. This applies to both the cases with closure 
and backfilling at 150 years (top) and 300 years out-of-reactor (bottom). Peak backfill 
temperatures are also higher than for the 32-PWR case. For the 40 GW-d/MT and 60 GW-d/MT 
burnup levels peak backfill temperatures are greater than 200°C even 300 years after closure 
(bottom). 

These calculations were made using a drift diameter of 5.5 m (same as used for the unbackfilled 
cases) and backfill thermal conductivity of 0.6 W/m-K representing dehydrated, compacted clay. 
As discussed above, use of backfill material with higher thermal conductivity would significantly 
reduce the peak backfill temperature (Figure 1-3). For example, for the case of closure 
(backfilling) at 150 years out-of-reactor with backfill thermal conductivity of 1.43 W/m-K
(corresponding to fully hydrated bentonite; Hardin et al. 2012, Table D-2), the peak backfill 
temperature for 20 GW-d/MT burnup is only slightly greater than 100°C.  For the case with 300 
years out-of-reactor, the peak backfill temperature for 60 GW-d/MT burnup is much less than 
200°C. Thus, use of backfill materials with higher thermal conductivity and with tolerance for 
temperature greater than 100°C would advance disposal of DPCs in repositories with clay-based 
backfill, in hard rock.   
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Source files: Open UOXxx-37 (70 m) Hard Rock Backfilled WP20m.xmcd, where xx is burnup of 20, 40 or 60. 

Notes: WP = waste package, and Hi BK Kth refers to hypothetical high backfill thermal conductivity of 1.43 W/m-K, which 
corresponds to fully hydrated bentonite (Hardin et al. 2012, Table D-2).. 

Figure 1-3. Temperature histories (drift wall and waste package surface) for various SNF burnup 
levels in 37-PWR sized packages, in a hard rock open (backfilled) repository with 
spacings shown, for: (top) 50-year decay storage and 100-year ventilation, and 
(bottom) 100-year decay storage and 200-year ventilation.
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1.3 Thermal Analyses of Salt Disposal Concept using Finite Element Solution

Thermal analysis of the salt disposal concept presented here was done using the finite element 
method using Sandia National Laboratories’ Sierra suite of codes (Clayton et al. 2013). Creep 
models for intact and crushed salt were used, with thermal-mechanical coupling and 
temperature-dependent thermal conductivity. The simulation method allows for mechanical 
consolidation of the crushed salt backfill which affects its thermal properties. In addition the 
method allows variations in DPC emplacement geometry. 

The finite-element based thermal analysis described in Hardin et al. (2013, Section 5.2) was 
extended to 37-PWR waste packages (Figures 1-4 through 1-9). The analysis is for the in-drift 
emplacement mode which is well suited for disposal of large, heavy packages. Waste package 
size was assumed to be the same as for 32-PWR DPC-based packages, and only thermal output 
was updated. The simulations represented waste package emplacement directly on the drift floor, 
and also in semi-cylindrical floor cavities. The fuel age at emplacement was varied in order to
better meet a target peak salt temperature limit of 200 °C.

Figure 1-4 presents temperature histories for 37-PWR size waste packages with 40 GW-d/MT 
burnup SNF, emplaced at 50 years out-of-reactor. The calculation uses a fully coupled thermal-
mechanical solution to represent in-drift emplacement with 30 m waste package spacing, and no 
floor cavities (Clayton et al. 2012). The peak temperature for the crushed salt maximum porosity 
case is significantly higher than the target limit of 200°C. Figure 1-5 shows results for 
emplacement using floor cavities, with everything else being the same as for Figure 1-4. In this 
case, the peak temperature is below the target temperature limit as a result of improved heat 
transfer. Figure 1-6 shows temperature results for emplacement after 80 years decay storage, 
with everything the same as in Figure 1-4.

Figure 1-7 presents temperature histories for 37-PWR size waste packages containing 
60 GW-d/MT burnup fuel with 100 years of decay storage (out-of-reactor). The calculation 
represents in-drift emplacement with 30 m waste package spacing and no floor cavities. The 
peak salt temperature is slightly greater than 200 °C. The peak salt temperature is greater than for 
32-PWR size packages (compare with Figure 5-5 of Hardin et al. 2013). Lowering the peak salt 
temperature to 200C would require aging the fuel more than 100 years or use of floor cavities 
(which improves coupling to intact-salt, with much greater thermal conductivity than crushed 
salt backfill). These two approaches are presented in Figures 1-8 and 1-9. Figure 1-8 shows 
results with placement in floor cavities, with everything else the same as Figure 1-7. Figure 1-9
shows results with 125 years out-of-reactor, everything else being the same as in Figure 1-7. The 
effect of floor cavities is similar to longer decay storage. Enhancements like floor cavities or 
forced ventilation (Hardin et al. 2012, Appendix C) are directly comparable to longer decay 
storage.
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Figure 1-4. Temperature histories for 37-PWR size packages, for the salt concept, with in-drift 
emplacement and 30-m spacing, and fully coupled thermal-mechanical solution: 
40 GW-d/MT, 50 years out-of-reactor.

Figure 1-5 Temperature histories for 37-PWR size packages, for the salt concept, with in-drift 
emplacement and 30-m spacing: 40 GW-d/MT, 50 years out-of-reactor, run with 
fully coupled thermal-mechanical solution with floor cavity.
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Figure 1-6 Temperature histories for 37-PWR size packages, for the salt concept, with in-drift 
emplacement and 30-m spacing, and fully coupled thermal-mechanical solution. 40 
GW-d/MT, 80 years out-of-reactor.

Figure 1-7. Temperature histories for 37-PWR size packages, for the salt concept, with in-drift 
emplacement and 30-m spacing, and fully coupled thermal-mechanical solution. 60 
GW-d/MT, 100 years out of reactor. 
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Figure 1-8. Temperature histories for 37-PWR size packages, for the salt concept, with in-drift 
emplacement and 30-m spacing. 60 GW-d/MT, 100 years out of reactor, run with 
fully coupled thermal-mechanical solution with floor cavity.

Figure 1-9. Temperature histories for 37-PWR size packages, for the salt concept, with in-drift 
emplacement and 30-m spacing, and fully coupled thermal-mechanical solution:
60 GW-d/MT, 125 years Out of Reactor. 
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1.4 Parametric Study of Spacings for Sedimentary Open Concepts, with 37-PWR Size 
Packages

This parametric study is an extension of work described by Hardin et al. (2013, Section 5.3). The 
parameters of interest are drift and waste package spacings, and their effect on peak temperatures 
for sedimentary backfilled “open” concepts. The analysis compares 70 m and 90 m drift spacing, 
for package spacings ranging from 16 m to 40 m. The Mathcad-based semi-analytical method 
was used as discussed previously. The calculations described in Hardin et al. (2013, Figure 5-12) 
for 32-PWR waste packages were repeated for 37-PWR waste packages. In this study only SNF 
burnup of 60 GW-d/MT was considered (Figure 1-10). 

The results show that use of 37-PWR results in higher peak drift wall temperatures, as would be 
expected. For the ranges of drift spacing and package spacing the peak temperature for the host 
rock is greater than the 100°C target. Further lowering of the peak temperatures would require 
larger drifts and/or waste package spacings or longer out-of-reactor period. These calculations 
considered host rock temperature, so backfill temperatures are not reported.

The peak temperature at a location 1 m into the drift wall (i.e., within the host rock) is also 
reported. The calculations included both 70 m and 90 m drift spacings, and the range of waste 
package spacings. The results ( Figure 1-10) show peak temperature lower than at the drift wall, 
and less than 100°C for larger waste package spacings. 

Figure 1-10. Peak temperature vs. package spacing for the drift wall and 1 m into the wall, for 
the sedimentary concept, comparing 70 and 90-m drift spacings (37-PWR size 
packages, 60 GW-d/MT burnup)
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2. Cavern-Retrievable Storage and Disposal

Vault concepts for DPC direct disposal were discussed originally by Hardin et al. (2013). These 
vaults would be underground, shielded, ventilated systems that would maintain DPCs in storage 
for at least 100 years. For disposal, the interstices within the vaults, and the access drifts, ramps, 
and shafts would be backfilled with low-permeability clay-based material. 

The previous study identified two  general concepts:  purpose-built vaults that would accept 
DPCs, and galleries that would accept DPCs in the same storage overpacks used for dry storage 
at the surface. The latter idea is similar to earlier concepts (McKinley et al. 2001, 2006 and 2008) 
for disposition of HLW in much smaller canisters. Existing vertical storage overpacks or casks, 
and horizontal vaults, typically are fabricated on-site using reinforced concrete. Although some 
storage overpacks can be moved within fuel storage facilities, they are not designed to be moved 
large distances. Hence, the former, purpose-built vault concept is more viable for DPCs that are 
stored at many locations in the U.S. and will continue to be deployed in the foreseeable future.

Vaults would be similar to surface storage concepts such as the NUHOMS® systems 
(horizontal) or the subterranean Hi-Storm 100 system (vertical), but with added features (e.g., 
low-permeability buffer) for waste isolation after closure (Hardin et al. 2013). Vertical and 
horizontal vaults would be similar, having a prepared cavity where a DPC is deposited, and a 
shield plug (Figure 2.1). The cavity would be lined with a buffer material such as compacted, 
dehydrated swelling clay. The buffer material could be protected from hydrating during 
preclosure operations (which could force the DPC upward into the access drift) by inner and 
outer liners of thin steel. The shield plug would be filled with compacted, dehydrated buffer 
material and sheathed in thin steel. 

An air gap around each emplaced DPC would allow for heat removal by air convection, before 
repository closure. Heated air would be removed by forced ventilation of the access drifts. At 
closure the air gap within each vault would be filled by pumping in a thick clay slurry, and the 
access drifts would be filled with swelling clay-based backfill. The drift backfill would hydrate 
first, and the buffer around the DPC would hydrate when the liners and sheathing failed due to 
corrosion.

As stated in previous work, the vault concept could be used in saturated or unsaturated 
hydrologic settings. Waste isolation could be superior in unsaturated settings, where the waste 
packages could be situated in the “drift shadow” beneath large drifts with impermeable backfill. 
A similar shadow concept has been proposed based on capillary diversion instead of 
permeability (Houseworth et al. 2002). Also, water flux in unsaturated settings could be small 
enough that buffer erosion would not be a significant process (Hardin and Sassani 2011). 
Thermal performance of a purpose-built, vertical vault system for DPCs is explored in the next 
section.

2.1 Thermal Analysis of Vertical Floor Vaults

Thermal analysis was conducted using the Mathcad-based semi-analytical method (Hardin et al 
2012, Section 3; Greenberg et al. 2012). The approach is similar to the mathematical solution for 
vertical or horizontal emplacement of waste packages (e.g., KBS-3 concept). For this analysis 
the host medium was assumed to be hard rock with thermal conductivity of 2.5 W/m K. Access 
drift spacing was set to 70 m and waste package spacing to 20 m, similar to previous analyses of 
DPC direct disposal in hard rock (Hardin et al. 2013). Thermal output is for 32-PWR size DPCs
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with fuel burnup of 20, 40 and 60 GWd/MT. A surface storage period of 50 years was assumed, 
followed by ventilation of 50, 100 and 150 years after DPC emplacement underground. Buffer 
thermal conductivity of 0.6 W/m-K (compacted, dehydrated state) and thickness of 0.35 m were 
used. The buffer thickness and thermal conductivity were varied to study the performance of the 
buffer. The analyses included buffer thermal conductivities of 1.43 and 2.0 W/m K and 
thicknesses of 0.7 m and 1.0 m.

Results are shown in Figures 2.2 through 2.4. Figure 2.2 presents drift wall and buffer 
temperature histories for burnup of 20 GWd/MT and different ventilation times, using the 
nominal values for buffer conductivity and thickness. With 50 years of ventilation the peak 
temperature is about 115 °C, and the peak decreases to below 100 °C for the longer ventilation 
times. Figure 2.3 presents the corresponding plots for burnup of 40 GWd/MT. In this case for 50 
years of ventilation the peak temperature is 207 °C, and for the 100- and 150-year ventilation 
cases the peak temperatures are 158 °C and 137 °C, respectively. Thus, for the intermediate 
burnup rate, ventilation periods of about 100 years would be expected for a total 150 years out-
of-reactor. For the high burnup rate of 60 GWd/MT (Figure 2.4) temperatures are higher, with
peak temperature of about 289 °C for 50 years of  ventilation. If buffer peak temperature is 
limited to 200 °C, more than 100 years of ventilation would be needed.

Figures 2-5 through 2-7 present the results from a parametric study that looks at the sensitivity of 
peak buffer temperature, to buffer thickness and buffer thermal conductivity. Figure 2-5 shows 
results for 50 years of ventilation (with 50 years of surface decay storage). The effect from buffer 
thermal conductivity is generally greater than that from buffer thickness. At higher buffer 
thermal conductivity values, the effect of buffer thickness on peak temperature is reduced. This 
suggests that buffer admixtures such as graphite, or buffer hydration early in the performance 
period, could limit peak temperature. Earlier buffer hydration would be expected in a saturated 
site with hydrostatic pressure. For the longest 150-year ventilation period (Figure 2-6) peak 
buffer temperature limits can be obtained for all but the hottest conditions without buffer 
admixture or hydration, and the hottest conditions can be managed with enhanced buffer 
conductivity. 
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Figure 2-1. Conceptual diagram for storage/disposal of DPCs in drifts with vertical floor 
vaults, cross-sectional view.
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Figure 2-2. Temperature histories (drift wall and waste package surface) at different 
ventilation times for SNF burnup level of 20 GWd/MT in 32-PWR sized DPCs, in 
a hard rock open (backfilled) repository. 

Figure 2-3. Temperature histories (drift wall and waste package surface) at different 
ventilation times for SNF burnup level of 40 GWd/MT in 32-PWR sized DPCs, in 
a hard rock open (backfilled) repository. 
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Figure 2-4. Temperature histories (drift wall and waste package surface) at different 
ventilation times for SNF burnup level of 60 GWd/MT in 32-PWR sized DPCs, in 
a hard rock open (backfilled) repository. 

Figure 2-5. Peak temperature vs. buffer thickness, for the emplacement of DPCs in vertical 
borehole concept, in hard rock host media, comparing various buffer thermal 
conductivities (32-PWR size packages, 20, 40 and 60 GW-d/MT burnups, fuel 
age100 years at closure).
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Figure 2-6. Peak temperature vs. buffer thickness, for emplacement of DPCs in vertical vault
concept, comparing various buffer thermal conductivities (32-PWR size packages, 
20, 40 and 60 GW-d/MT burnups, fuel age150 years at closure).

Figure 2-7. Peak temperature vs. buffer thickness, for the emplacement of DPCs in vertical 
borehole concept, in hard rock host media, comparing various buffer thermal 
conductivities (32-PWR size packages, 20, 40 and 60 GW-d/MT burnups, fuel age
200 years at closure).
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3. Summary

Thermal calculations show that 37-PWR size DPC-based waste packages could be significantly 
hotter than 32-PWR size packages analyzed previously. For the hard rock unsaturated “open” 
concept and the salt disposal concept, the greater heat output could be accommodated with 
slightly longer decay storage, ventilation (for the “open” concept), or enhancements such as 
semi-cylindrical floor cavities to improve heat transfer. Such enhancements trade directly with 
longer decay storage, where thermal performance is concerned.

For backfilled concepts potentially much longer decay storage or ventilation would be needed for 
37-PWR size packages, even with backfill peak temperature tolerance of 200C. This is 
consistent with earlier results which showed that thermal goals were difficult to meet, especially 
for higher burnup fuel, unless the backfill has high peak temperature tolerance (200C), and 
admixtures (e.g., graphite particulate) to increase thermal conductivity.

Thermal analysis also showed that the vault-type disposal concepts discussed by Hardin et al. 
(2013) would require 100 to 150 years of ventilation (in addition to 50 years of decay storage), to 
meet peak buffer temperature target of 200C. Buffer thermal conductivity (e.g., use of 
admixtures) was found to be more effective than reducing buffer thickness, for limiting peak 
temperature.
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